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(57) ABSTRACT

A hybrid binary/thermometer code is employed to adjust the
output impedance of a variable impedance output driver cir-
cuit having an impedance network comprising a plurality of
impedance legs each programmably electrically connectable
according to the hybrid binary/thermometer code in parallel
between a voltage source and the signal pad. The plurality of
impedance legs are partitioned into one or more set pairs of
binary stepped impedance legs and corresponding thermom-
eter stepped impedance legs. A binary set of calibration sig-
nals in the hybrid binary/thermometer code steps a given set
of binary stepped impedance legs according to a binary code
and a thermometer set of calibration signals in the hybrid
binary/thermometer code steps the corresponding set of ther-
mometer stepped impedance legs according to a thermometer
code once per full count iteration of the binary set of calibra-
tion signals.

20 Claims, 5 Drawing Sheets
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HYBRID BINARY/THERMOMETER CODE
FOR CONTROLLED-VOLTAGE
INTEGRATED CIRCUIT OUTPUT DRIVERS

CROSS REFERENCE TO RELATED
APPLICATION

This application is a divisional application, which is based
on, and claims priority to, U.S. patent application Ser. No.
10/835,906, now U.S. Pat. No. 7,088,129 B2, issued Aug. 8,
2006, filed on Apr. 30, 2004, and which is incorporated herein
by reference in its entirety.

BACKGROUND OF THE INVENTION

The present invention pertains generally to variable imped-
ance output drivers in integrated circuits, and more particu-
larly to a novel hybrid code for controlling the output imped-
ance of integrated circuit output drivers due to variations in
manufacturing process, voltage, and temperature.

Integrated circuits are commonly packaged as chips. An
integrated circuit communicates with devices outside the chip
via input and output signal pads on the exterior of the chip.
Inside the chip, the signal pads are connected to signal
receiver and signal driver circuitry, as appropriate, to receive
incoming signals or to drive outgoing signals.

The signal pads on a chip are connected to the packaging of
the chip (e.g., a pin) which is then typically connected to
respective signal traces on a printed circuit board. The signal
traces may connect the chip to other integrated circuit chips,
electronic devices, or connectors on the printed circuit board
that connect to external (i.e., off-board) devices. The electri-
cal connection between the signal pad of the integrated circuit
die and signal trace of the printed circuit board through the
packaging of the chip is characterized by parasitic resistance,
inductance, and capacitance, which interferes with the trans-
mission of the signal from the signal pad. The transmission
line characteristics of the printed circuit board signal trace
itself, including parasitic resistance, capacitance, and induc-
tance, also interfere with the quality ofthe transmission of the
signal from the signal pad. All ofthe foregoing add to the load
impedance which must be driven by the output driver circuit.

Due to the parasitic resistance, capacitance, and inductance
which is present on chip-to-chip signal transmission lines, the
driver circuits that drive those transmission lines typically
includes circuitry designed to avoid excessive voltage
swings, or “ringing”’, when signal switching occurs. Ringing
must be avoided while still switching as fast as possible to
meet the high speed performance requirements of modern
integrated circuits.

As known by those skilled in the art, it is important to
match the output impedance of a given signal driver to the
characteristic impedance of the transmission line it drives in
order to avoid signal reflections due to voltage level switching
on the pad, and therefore undesirable signal degradation.

Matching the impedance of an output driver to the charac-
teristic impedance of the signal transmission line is problem-
atic for several reasons. First, process variations inherent in
the manufacturing process of integrated circuits, such as the
transistor implanting doping level, the effective length of
channels in the field effect transistors (FETs), the thickness of
the gate oxide for transistors, and the diffusion resistance, can
cause the output impedance of two supposedly identical cir-
cuits to differ. In particular, variations in any or all of the
above process parameters can cause different integrated cir-
cuits intended to perform the same function to be classified as

“slow”, “nominal”, or “fast”. In other words, two supposedly
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identical integrated circuits can vary in any or all of the
process parameters. As these parameters approach the fast
case, the resistance of many components within a chip is
decreased. In the opposite extreme, as the process parameters
stray further and further from the ideal case, the performance
of the chip is degraded, specifically, the resistance of the
many components within the chip is increased. This situation
is referred to as the “slow” case.

In addition, variations in voltage and temperature can
cause variations in the output impedance of a given chip.
Specifically, the driver output impedance can vary signifi-
cantly between variations in the operating voltage even within
a small operating voltage tolerance range. In another
example, when the temperature of an integrated circuit
approaches its maximum operating temperature, the resis-
tance of the integrated circuit components increases.

In view of the above, variable impedance output drivers
have been developed to allow adjustment of the driver output
impedance due to variations in manufacturing process, volt-
age, and temperature. Typically the characteristic impedance
of transmission lines connected to 1/O pads of the output
drivers are known and/or can be measured, and once known or
measured, a precision external resistor R ;,-of corresponding
value may be provided on the printed circuit board to serve as
a reference impedance from which to match. Alternatively,
instead of precision external resistor R, other types of
arrangements can be used.

It is becoming standard to use a programmable impedance
network to match the impedance of an output signal pad
driven by an output driver to the external resistor Ry, In an
impedance network, a plurality of impedance legs, each of
which is characterized by a predetermined impedance, are
programmably connectable between a voltage source and a
node coupled to an output pad driven by an output driver. As
known in the art, the term “node” refers to a pad, a trace, a
wire, an electrical conductor, or any electrically connected
combination and/or equivalent thereof, such that any point of
the “node” is characterized by the same electrical state as all
other points of the “node”, subject to a margin of error deter-
mined by the characteristic resistance, capacitance, and
inductance between points of the node. When an appropriate
combination of parallel legs of the impedance network are
actively connected between the voltage source and node, such
that a voltage V ;- measured at a reference point is one half
(¥2) a voltage V applied across the series combination of the
external resistor Rzy, and the active parallel legs of the
impedance network, then it is known that the external resistor
R 7 and active parallel legs of transistors within the imped-
ance network are equally sharing/dividing the voltage V. That
is, if two series portions are equally sharing/dividing a volt-
age, then such two series portions have the same impedance.
Accordingly, as a result of the above method, the output
impedance of the pad coupled to the output driver is
“adapted” to external resistor R 4, as the active parallel legs
of the impedance network are providing an impedance (e.g.,
resistance) which matches that of external resistor R ;-

The above “adaptive” procedure may be performed not
only upon initialization (e.g., reset) of the integrated circuit,
but may also be continuously or periodically performed dur-
ing operation of the integrated circuit. Such continuous/peri-
odic operation is advantageous because environmental
parameters (e.g., voltage, temperature, etc.) of the integrated
circuit change over time (e.g., the integrated circuit becomes
hotter with operation which changes on-die impedances), and
thus the arrangements of the present invention can be adaptive
to change continuously/periodically.
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One prior art technique for accomplishing impedance
matching of output pads for integrated circuits is described in
U.S. Pat. No. 6,118,310 to Esch, Jr. and assigned to the same
assignee of interest, entitled “Digitally Controlled Output
Driver and Method for Impedance Matching”, herein incor-
porated by reference for all that it teaches. In the technique
described therein, output driver impedance matching is
accomplished by programmably enabling a combination of
FETs arranged in parallel whose combined impedance
closely matches the characteristic impedance of the transmis-
sion line.

Such prior art variable impedance output drivers typically
use a pure thermometer code for the PVT impedance match-
ing control in order to limit the change in output impedance
when the PVT control code is updated. In particular, an
impedance network having n parallel legs may implement an
n-bit “thermometer” code Tj,.,,,_;. The state of each bit in the
n-bit code T, ., , controls activation of respective legs in the
impedance network. In a thermometer code, when a bit T, of
the code T,..,, , is activated (set to “1”), all of the lower-order
bits T, to T, are also activated. Thus, in a pure thermometer
code impedance matching circuit, a first impedance leg is
activated and then each subsequent impedance leg is activated
until the desired output impedance is achieved. Accordingly,
at least one impedance leg is always activated to ensure that
during the switching of impedance legs on or off, the imped-
ance legs are never switched from all off to all on or vice
versa, which would result in a spike in the output impedance.
Table 1 illustrates a pure 11-bit thermometer code, wherein
each bit 0::10 in the code word T represents an incremental
admittance step of 10%—that is each impedance leg is
weighted by a 10% incremental impedance amount.

TABLE 1
Admit-  Imped-
tance ance
T To Ts T, Te Ts Ty Ty T Ty To (Y=1Z) (2)
o o0 o o o o0 0 o 0 0 1 1 1
o o0 o o o o0 o0 o o0 1 1 1+.1 909
o o0 o o o o0 o0 o 1 1 1 1+.2 .833
o o0 o0 o0 o0 0 0 1 1 1 1 1+.3 769
o o0 o o0 o0 0 1 1 1 1 1 1+.4 714
o o o o0 o0 1 1 1 1 1 1 1+.5 667
o o o o 1 1 1 1 1 1 1 1+.6 625
o o o 1 1 1 1 1 1 1 1 1+.7 588
0o 0 1 11 1 1 1 1 1 1 1+.8 555
0o 1 1 11 1 1 1 1 1 1 1+.9 526

In the example thermometer code of TABLE 1, the con-
trollable range of the output impedance is limited to between
1 and 0.526, and the sensitivity is 0.1 or 10% change in
admittance for each step. As also illustrated by TABLE 1, a
pure thermometer code requires one bit for each step. Accord-
ingly, one of the drawbacks of a pure thermometer code is the
large number of bits (and therefore control lines) required to
allow a large range of output impedance. The number of
control lines increases exponentially as the degree of required
step sensitivity increases. For example, if it would be desir-
able to step the admittance only 1% in order to increase the
sensitivity of each step, the PVT control circuit would require
101 control lines, or tenfold the number of lines required for
adjusting itto the nearest 10%. Alternatively, if it were desired
to increase the range of adjustable output impedance from 1 to
0.25, in the example of TABLE 1 with each step changing the
admittance by 10%, an additional twenty bits (control lines)
would be required.
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Accordingly, although an increased sensitivity range for
adjusting the PVT output impedance is desirable, the number
of bits required to implement any significant range and/or
sensitivity using a pure thermometer code is outweighed by
the added design complexity and chip real estate required to
implement it.

An alternative solution to use of a pure thermometer code
is the use of a pure binary weighted code whereby each leg of
the PVT control circuit is binary weighted to comprise a
resistive device having an admittance corresponding to a
combination of its binary weighted bit position. In other
words, each impedance leg in the impedance network has an
admittance of 2e# pesiionY, where Y is a predefined minimum
admittance appropriate to the design. In other words, if bit B,
ofabinary-coded calibration word B, ; controls a FET with
admittance Y, bit B, of the calibration word By,..,,_; controls a
FET with admittance 2*Y, bit B, of the calibration word
B . controls a FET admittance 4*Y, and so on. Thus, the
impedance of each leg of the impedance network corresponds
to the weighted position of the bit in the binary code that
controls the leg. More particularly, if the calibration word
B, comprises 4 bits, the impedance leg controlled by bit B,
has arelative impedance weighting of 1. Similarly, the imped-
ance leg controlled by bit B, has arelative impedance weight-
ing of 2, and the impedance leg controlled by bit B, has a
relative impedance weighting of 4, and the impedance leg
controlled by bit B, has a relative impedance weighting of 8.
In effect, as the binary count of the calibration word By, ,
increments, more impedance is added in parallel in the
impedance network, and the output impedance on the signal
pad drops. TABLE 2 illustrates an example of a pure 4-bit
binary weighted code.

TABLE 2
Admittance Impedance

B, B, B, B, (Y=127) [v4)

0 0 0 0 0 infinite
0 0 0 1 0.1 10

0 0 1 0 0.2 5

0 0 1 1 0.3 3.333
0 1 0 0 0.4 2.5

0 1 0 1 0.5 2

0 1 1 0 0.6 1.667
0 1 1 1 0.7 1.429
1 0 0 0 0.8 1.25
1 0 0 1 0.9 1.11
1 0 1 0 1.0 1

1 0 1 1 1.1 909
1 1 0 0 1.2 .833
1 1 0 1 1.3 769
1 1 1 0 1.4 714
1 1 1 1 1.5 667

As illustrated in TABLE 2, the benefit of using a binary
weighted code is its ability to achieve a larger range of output
impedance using fewer bits (or PVT control lines). However,
in a pure binary weighted code, a step-wise increment does
not ensure that all legs currently activated will remain acti-
vated at the next step. This can result in a jump in output
impedance, which may cause partial reflection of a signal
incoming from a transmission line coupled to the output pad.
Further, if a transmission line is low because one ofthe drivers
is active, the impedance transition may launch a wave onto the
transmission line. This can result in an unacceptable noise
glitch. For example, suppose the current binary weighted
calibration code B that controls a 4-leg impedance network
has avalue of binary 0111 (corresponding to an admittance of
0.7) and the code B is to be incrementally stepped to binary
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1000 (corresponding to an admittance value 0o 0.8). When the
electrical connections of the impedance legs are switched
from 0111 to 1000, it is possible that for a very short time the
switches may be in a state such that all the switched imped-
ance legs are simultaneously momentarily on (corresponding
to a binary value of “1111”) or simultaneously momentarily
off (corresponding to a binary value of “0000”). In this
example and according to TABLE 2, the output impedance
Z,, . could momentarily change from Z,,,=1.429 (corre-
sponding to an admittance of 0.7) to Z,,,=0.667 (corre-
sponding to an admittance of 1.5, or from Z,;,1.429 (cor-
responding to an admittance of 0.7) to Z,,,=infinite
(corresponding to an admittance of 1.5). As illustrated by this
example, the more bits in the code that must be switched
between one step value to the next increases the probability of
an undesirable spike in the output impedance seen on the
signal pad.

Hybrid PVT codes have been developed, for example as
described in U.S. Pat. No. 6,326,802 to Newman et al.,
entitled “On-Die Adaptive Arrangements For Continuous
Process, Voltage, And Temperature Compensation”, herein
incorporated by reference for all that it teaches. In the tech-
nique described therein, PVT compensation is achieved using
a hybrid binary/linear (thermometer) adaptive arrangement
during initialization to initially adapt to an external resistor
R zx7 and thereafter locks the binary adaptive arrangement to
the adapted impedance such that the binary adaptive arrange-
ment cannot generate impedance/noise glitches after initial-
ization. Once the binary adaptive arrangement has been used
to initially adapt to R, during initialization then the hybrid
binary/linear adaptive arrangement utilizes a linear (ther-
mometer) adaptive arrangement to continuously readapt to
R, to compensate for operational and environmental varia-
tions after initialization. However, while the hybrid binary/
linear arrangement of U.S. Pat. No. 6,326,802 may be used to
decrease the number of bits used for PVT compensation, the
binary and linear arrangements are mutually exclusive during
operation. Thus, during initialization, the output impedance is
susceptible to impedance/noise glitches, and after initializa-
tion, the sensitivity range is limited by the number of bits
lines.

Accordingly, a need exists for a PVT control encoding
technique that allows for a higher output impedance range
with fewer control lines, while preventing spikes in the output
impedance on the signal pads.

SUMMARY OF THE INVENTION

The present invention is a novel variable impedance output
driver control circuit and method for programming the same
that employs a hybrid binary/thermometer coded adaptive
scheme when adjusting the output impedance of an output
driver to take into account variations in process, voltage, and
temperature. The coding scheme of the invention achieves a
high range of sensitivity with a minimal number of control
lines while preventing spikes in the output impedance on the
signal pad.

In accordance with one embodiment of the invention, a
hybrid binary/thermometer coded adaptive scheme is
employed in a variable impedance network to variably adjust
the output impedance of an output driver circuit. The variable
impedance network is configured with a plurality of imped-
ance legs electrically connected between a voltage source and
a node that is electrically coupled to the output of the output
driver circuit. Preferably, the sets of impedance legs stepped
by the binary stepped bits are weighted in increasing order of
admittance, and in particular, in a binary weighting in order of
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the respective predetermined bit position of its corresponding
calibration signal in the calibration word.

Combinations of the impedance legs are connected and
disconnected from the node according to a hybrid binary/
thermometer code of the invention. In an exemplary embodi-
ment, the impedance legs are partitioned into a plurality of
sets of binary stepped impedance legs and corresponding
thermometer stepped impedance legs. A calibration word
having a plurality of bits each corresponding to and control-
ling a different one of the impedance legs is partitioned into a
plurality of sets of binary stepped bits and corresponding
thermometer stepped bits. One pair of a set of binary stepped
bits and corresponding set of thermometer stepped bits is
activated for stepping at atime. Each set of binary stepped bits
is stepped according to a binary code, and each corresponding
set of thermometer stepped bits is stepped according to a
thermometer code once per full count iteration of its corre-
sponding set of binary bits.

On an increment step, if both the binary bits and corre-
sponding thermometer bits of all active pairs of bit sets are
incrementally saturated (i.e., all bits in all active set pairs are
“17), a next pair of sets of binary stepped bits and correspond-
ing thermometer stepped bits is activated. The cumulative set
of activated binary stepped bits is stepped according to a
binary code, and the next set of thermometer-stepped bits is
stepped according to a thermometer code once per full count
iteration of the cumulative set of activated binary bits.

On a decrement step, if both the binary bits and corre-
sponding thermometer bits of a given pair of bit sets are
decrementally saturated (i.e., all bits in the set pair are “0”),
the pair of sets of binary stepped bits and corresponding
thermometer stepped bits are deactivated. The cumulative set
of activated binary stepped bits is stepped according to a
binary code, and the most recently activated set of thermom-
eter-stepped bits is stepped according to a thermometer code
once per full count iteration of the cumulative set of activated
binary bits.

The process may be repeated as necessary to match the
output impedance of the output driver circuit to the load
impedance of the output pad, or until all bits of the calibration
word (and hence, all impedance legs) are activated.

BRIEF DESCRIPTION OF THE DRAWING

The invention will be better understood from a reading of
the following detailed description taken in conjunction with
the drawing in which like reference designators are used to
designate like elements, and in which:

FIG. 1 is a schematic block diagram of a variable imped-
ance output driver circuit;

FIG. 2 is a schematic diagram of an impedance network
implemented in accordance with the invention for the variable
impedance output driver of FIG. 1;

FIG. 3A is a map of a flowchart of the method of the
invention detailed in FIGS. 3B and 3C;

FIG. 3B is a first part of the flowchart of a preferred
embodiment of the invention;

FIG. 3C is a second part of the flowchart of the preferred
embodiment of the invention;

FIG. 4 is a schematic block diagram of a control circuit for
variably adjusting an output impedance of an impedance
networks.

DETAILED DESCRIPTION

A novel method and system for increasing the range and
sensitivity of a variable impedance output driver control cir-
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cuit is described in detail hereinafter. Although the invention
is described in terms of specific illustrative embodiments, it is
to be understood that the illustrative embodiments are shown
by way of example only and the scope of the invention is not
intended to be limited thereby.

Turning now to FIG. 1, there is shown a block diagram
illustrating a variable impedance output driver circuit 1. As
shown, the driver circuit 1 includes a pull-up predriver circuit
2 which operates to drive an output value from a low state to
a high state (e.g., logic zero to logic one), and a pull-down
predriver circuit 4 which operates to drive an output value
from a high state to a low state. The pull-up predriver circuit
2 controls a switching device 3, implemented in the illustra-
tive embodiment by an N-channel field effect transistor
(NFET), that switchably connects a node 6 coupled to the
output pad 8 to a first voltage source, e.g., DVDD. Similarly,
the pull-down predriver circuit 4 controls a switching device
5, also implemented in the illustrative embodiment by an
NFET, that switchably connects the node 6 coupled to the
output pad 8 via conductor 7 to a second voltage source, e.g.,
the chip ground. An impedance network 10 is interposed
between the node 6 and the driver pad 8. The impedance
network 10 provides a controllably variable impedance,
which serves to vary the output impedance of the driver
circuit 1 on signal pad 8 to match the board trace impedance.
Control circuit 9 controls the impedance provided by the
impedance network 10. The output of the impedance network
10 is routed to the driver pad 8 via conductor 7.

To more particularly describe the structure and operation of
the impedance network 10, reference is now made to FIG. 2,
which illustrates this circuitry in more detail. Specifically, the
impedance network 10 is shown in relation to the node 6 and
conductor 7, and control circuit 9. The impedance network 10
includes an impedance leg 20 that is connected between node
6 and conductor 7, and a plurality of impedance legs 11-17
programmably electrically connectable in parallel between
the node 6 and conductor 7 by a control circuit 9. In the
preferred embodiment, the impedance legs 11-17 and 20 are
implemented with field effect transistors (FETs), but could be
implemented using other components such as a resistor in
series with a switch. In the preferred embodiment, each of the
FETs 11-17 and 20 is defined by a channel width that defines
the admittance of that FET device. When activated (i.e.,
turned on to conduct current), each FET provides an electrical
connection between node 6 and conductor 7 thereby allowing
current flow and contributing to the combined parallel resis-
tance of the impedance network. When more than one of the
FET devices 11-17 is turned on, the characteristic resistance
of the enabled FETs combine in parallel to provide a lower
combined resistance. In this way, the output impedance of the
driver circuit 1 may be varied.

The impedance leg 20 is always activated, allowing a signal
to pass from node 6 to conductor 7, to prevent impedance
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jumps which can result in noise glitches on the output pad 8
that may occur momentarily as a result of the switching on or
off of the impedance legs 11-17.

The control circuit 9 generates a digital calibration word
W, _ to activate selected ones of the switchable impedance
legs 11-17 to precisely control the output impedance of the
driver circuit 1 in accordance with the method described
hereinafter in FIGS. 3A-3C. Each respective bit in the cali-
bration word W, ., corresponds to, and controls, a different
one of the impedance legs 11-17. In the preferred embodi-
ment, each respective bit W, through W, of the calibration
word W, - drives a different respective gate of a correspond-
ing respective FET device implementing the respective cor-
responding impedance legs 11-17.

In the illustrative embodiment, the admittance of imped-
ance legs 11-17 of the impedance network 10 are weighted
relative to the admittance of impedance leg 20 as follows:
impedance leg 11 is characterized by an admittance value of
10% of the admittance value of “always on” impedance leg
20; impedance leg 12 is characterized by an admittance value
that is two times that of the first impedance leg 11; impedance
leg 13 is characterized by an admittance value that is four
times that of the first impedance leg 11; impedance leg 14 is
characterized by an admittance value that is four times that of
the first impedance leg 11; impedance leg 15 is characterized
by an admittance value that is four times that of the first
impedance leg 11; impedance leg 16 is characterized by an
admittance value that is eight times that of the first impedance
leg 11; and impedance leg 17 is characterized by an admit-
tance value that is eight times that of the first impedance leg
11.

The impedance legs 11-17 are partitioned into a plurality of
sets 21,22, 23, and 24. Impedance leg set 21 includes imped-
ance legs 11 and 12; impedance leg set 22 includes impedance
leg 13; impedance leg set 23 includes impedance legs 14 and
15; and impedance leg set 24 includes impedance legs 16 and
17.

TABLE 3 illustrates an exemplary hybrid binary/thermom-
eter code in accordance with the invention for a 7-bit output
impedance calibration word W, .., for controlling the imped-
ance network 10 of FIG. 2. Each bit position W,-W, in
TABLE 3 corresponds to a control signal for controlling the
activation (represented by a “1” in TABLE 3) or deactivation
(represented by a “0” in TABLE 3) of a respective impedance
leg 11-17. Thus, when the value of a bit in TABLE 3 is defined
as a “0”, the impedance leg corresponding to the bit is elec-
trically disconnected from between node 6 and node 7, and
therefore does not contribute to the parallel resistance of the
impedance network 10. Likewise, when the value of a bit in
TABLE 3 is defined as a “17, the impedance leg correspond-
ing to the bit is electrically connected between node 6 and
node 7, and therefore contributes to the parallel resistance of
the impedance network 10.

TABLE 3
Leg Bit Position Admittance Impedance
Weighting W, Wy Wy W, Wy W, W, W, (Y=12) Z)
Count #0 0O 0 0o 0 0 0 0 11 1
Count #1 0O 0 0 0 0 0 1 11+.1=11 909
Count #2 0O 0 0 0 0 1 0 11+.2=12 .833
Count #3 0O 0 0 0 0 1 1 1 1+42+.1=13 769
Count #4 0 0 0 1 0 0 0 11+4=14 714
Count #5 0 0 0 1 0 0 1 1 1+4+.1=15 667
Count #6 0 0 0 1 0 1 0 11+4+2=16 625
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TABLE 3-continued
Leg Bit Position Admittance Impedance
Weighting W, W Ws W, Wy W, W, W, (Y=12) 2)
Count #7 0o o0 o0 1 0 1 1 1 1+4+2+.1=1.7 588
Count #8 0o 0 1 1 0 0 0 1 1+4+4=18 555
Count #9 0o 0 1 1 0 0 1 1 1+4+4+.1=19 526
Count #10 0o 0 1 1 0 1 0 1 1+4+4+.2=20 .500
Count #11 0o 0 1 1 0 1 1 1 1+4+4+2+.1=2.1 476
Count #12 0o 0 1 1 1 0 0 1 1+4+4+4=22 455
Count #13 0o 0 1 1 1 0 1 1 1+4+4+4+.1=23 435
Count #14 0o 0 1 1 1 1 0 1 1+44+4+4+.2=24 417
Count #15 0o 0 1 1 1 1 1 1 1+4+4+4+.2+.1=25 .400
Count #16 0 1 1 1 0 0 0 1 1+8+4+4=206 385
Count #17 0 1 1 1 0 0 1 1 1+.84+44+4+.1=27 370
Count #18 0 1 1 1 0 1 0 1 1+8+4+4+.2=28 357
Count #19 0 1 1 1 0 1 1 1 1+8+44+4+.2+.1=29 345
Count #20 0 1 1 1 1 0 0 1 1+8+4+4+.4=30 333
Count #21 0 1 1 1 1 0 1 1 1+8+4+4+4+.1=3.1 323
Count #22 0 1 1 1 1 1 0 1 1+8+4+4+4+.2=32 313
Count #23 0 1 1 1 1 1 1 1 1+84+44+4+.4+2+.1=33 303
Count #24 1 1 1 1 0 0 0 1 1+8+8+4+.4=34 .294
Count #25 1 1 1 1 0 0 1 1 1+.8+.8+44+.4+.1=35 .286
Count #26 1 1 1 1 0 1 0 1 1+8+8+4+.4+.2=36 278
Count #27 1 1 1 1 0 1 1 1 1+.8+8+4+.4+2+.1=37 .270
Count #28 1 1 1 1 1 0 0 1 1+8+8+4+.4+.4=38 .263
Count #29 1 1 1 1 1 0 1 1 1+8+8+4+.4+4+.1=39 256
Count #30 1 1 1 1 1 1 0 1 1+8+8+4+4+4+.2=40 .250
Count #31 1 1 1 1 1 1 1 1 1+.8+48+4+.4+4+2+.1=41 .244

In accordance with the exemplary embodiment of the
invention shown in FIG. 2, and as also illustrated in TABLE 3,
bit W, which controls activation of impedance leg 20 is always
activated (i.e., the gate of FET 20 is tied to V, to allow
saturating current flow through impedance leg 20 between
node 6 and conductor 7). Impedance leg 20 defines the high-
est impedance. Alternatively, because impedance leg 20 is
always activated, the switching device of the impedance leg
20 can be hardwired to be always on, or implemented with a
device that is not switchable (e.g., a standard resistor) elimi-
nating the need for the control circuit 9 to generate bit W, in
the calibration word.

As illustrated in TABLE 3, calibration word bits W, W,
W, count according to a pseudo-binary counting scheme. As
previously described, the impedance legs 11, 12, and 13 are
respectively characterized by admittances Y|, Y,, Y, of 10%,
20%, and 40% of Y, the admittance of impedance leg 20.
Thus, if impedance leg FET 20 is weighted with an admit-
tance Y, impedance leg FET 11 is weighted with an admit-
tance Y,;_10%*Y,, impedance leg 12 is weighted with an
admittance Y,=2*Y |, and impedance leg FET 13 is weighted
with an admittance Y;=4*Y .

In contrast, calibration word bits W,, W, W, W, count
according to a thermometer counting scheme. In the embodi-
ment of FIG. 2, the impedance legs 14, 15, 16, and 17 are
preferably respectively characterized by admittances Y, Y,
Y5, Y, of 80%, 80%, 40%, and 40% of Y. Accordingly,
impedance leg FET 14 is weighted with an admittance
Y,=4*Y,, impedance leg FET 15 is weighted with an admit-
tance Y s=4*Y,, impedance leg 16 is weighted with an admit-
tance Y,=8*Y,, and impedance leg FET 17 is weighted with
an admittance Y,=8*Y .

The goal of the control circuit 9 is to switch the minimum
number of impedance legs between count steps while main-
taining a high degree of sensitivity and impedance range. To
accomplish this, the control circuit 9 implements the hybrid
binary/thermometer code of TABLE 3 when stepping the
calibration word W, .., up or down.
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When the impedance legs are weighted according to the
illustrative embodiment, the sensitivity of the impedance net-
work when stepped according to the hybrid binary/thermom-
eter code defined in TABLE 3 is 10%. Thus, an increment or
decrement of the programmed calibration word W, will
result in a 10% change in admittance from the previous step.
In addition, the range of the impedance network 10is 1to 4.1,
which, by comparison to TABLE 2, is much higher than a
pure thermometer code can yield with the same number of
bits. For example, if the impedance of the impedance leg FET
20 is 10 ohms, then the minimum impedance that the imped-
ance network can yield is 10/4.1 or 24.39 ohms. A pure
thermometer code having the same number of impedance legs
would yield 10/1.7 or 58.8 ohms. Although use of a pure
binary code having the same number of impedance legs
would yield a higher range, as discussed in the background
section, a pure binary code implementation is problematic
because it exposes the output pad to a high prevalence of
impedance spikes when switching between calibration word
steps. Thus, it will be appreciated that the hybrid binary/
thermometer coding scheme of the invention aftfords the sen-
sitivity of a pure binary coded scheme and increased imped-
ance range over a pure thermometer coding scheme.

FIG. 3A is a map of a flowchart of an exemplary embodi-
ment of a method 100 of the invention for stepping a hybrid
binary/thermometer code. The method 100 is shown in two
parts 100a in FIG. 3B and 1005 in 3C. In this method 100, it
is assumed that the bits of the hybrid binary/thermometer
code are partitioned into sets of binary bits and corresponding
sets of thermometer bits. When used to implement the control
circuit 9 in FIG. 2 to generate the calibration word W ., bits
W, and W, form one binary bit set, and bits W, and W form
its corresponding thermometer bit set. Bit W5 forms another
binary bit set, and bits Wy and W, form its corresponding
thermometer bit set.

Turning now in detail to the method 100, and in particular
to method part 100¢ in FIG. 3B, the method 100 begins with
initialization of variables (step 101). In the illustrative pre-
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ferred embodiment, initialization involves initialization of
variables HBTCode (which represents the hybrid binary/ther-
mometer code generated by the controller, and includes all of
the hybrid binary/thermometer code bits controlling the
impedance legs of the impedance network), BinaryCode
(which keeps track of the active binary bits in the HBTCode),
ThermometerCode (which keeps track of the active thermom-
eter bits in the HBTCode), IncrementallySaturated (which is
a Boolean variable set to True only when the variable HBT-
Code is incrementally saturated (i.e., all bits of the variable
HBTCode are set to “1”)), and DecrementallySaturated
(which is a Boolean variable set to True only when the vari-
able HBTCode is decrementally saturated (i.e., all bits of the
variable HBTCode are set to “0”)). Initialization (step 101)
results in setting all bits of each of HBTCode, BinaryCode,
and ThermometerCode to “0”, IncrementallySaturated to
False, and DecrementallySaturated to True. All set pairs of
binary bits and corresponding thermometer bits are entered
into a collection of available set pairs.

The method 100 then determines whether any available set
pairs of binary bits and corresponding thermometer bits are
available in the collection of available set pairs (step 102).
Immediately after initialization, the number of available set
pairs will be maximized, and accordingly, the method 100
selects a set of binary bits and its corresponding set of ther-
mometer bits from the collection of available set pairs (step
104), thereby removing the selected sets from the collection
of available set pairs. The selection of bit pairs is preferably
performed according to a priority scheme. In the illustrative
embodiment, the priority scheme involves selection of the set
comprising the lowest order binary bits in the collection of set
pairs, and its corresponding thermometer bits set.

The method 100 then activates the binary bits in the vari-
able BinaryCode that correspond to the binary bits in the
selected set of binary bits (step 105). The bits in the variable
BinaryCode correspond to like bits in the variable HBTCode.
If a bit in the variable BinaryCode is set to a “1”, then the
corresponding bit in the HBTCode is active and is included
during a binary increment or decrement of the binary bits of
the HBTCode (discussed hereinafter). If a bit in the variable
BinaryCode is set to a “0”, then the corresponding bit in the
HBTCode is inactive and is not included during a binary
increment or decrement of the binary bits of the HBTCode.
Accordingly, a binary bit in the variable HBTCode is acti-
vated by setting the corresponding binary bits in the variable
BinaryCode to a “1”, and is deactivated by setting the corre-
sponding thermometer bit in the variable BinaryCode to a
“0”.

The method 100 then activates the thermometer bits in the
variable ThermometerCode that correspond to the thermom-
eter bits in the selected set of thermometer bits (step 106). The
bits in the variable ThermometerCode correspond to like bits
in the variable HBTCode. If a bit in the variable Thermom-
eterCode is set to a “1 ”, then the corresponding bit in the
HBTCode is active and is included during a thermometer
increment or decrement of the thermometer bits of the HBT-
Code (discussed hereinafter). If a bit in the variable Ther-
mometerCode is set to a “0”, then the corresponding bit in the
HBTCode is inactive and is not included during a thermom-
eter increment or decrement of the thermometer bits of the
HBTCode. Accordingly, a thermometer bit in the variable
HBTCode is activated by setting the corresponding thermom-
eter bit in the variable ThermometerCode to a “1”, and is
deactivated by setting the corresponding thermometer bit in
the variable ThermometerCode to a “0”.
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The method 100 then waits for a step instruction (step 107).
Upon receipt of a step instruction, the method 100 determines
whether the step is to be in the “up” direction or the “down”
direction (step 108).

If the step instruction indicates that the step is to be in the
“up” direction, the method 100 determines whether the vari-
able HBTCode is incrementally saturated (i.e., whether all
bits in the variable HBTCode have a value of “1”) (step 109).
If so, the hybrid binary/thermometer code is already incre-
mented to its limit, so the method 100 returns to wait for a next
step instruction (step 107). If the variable HBTCode is not
incrementally saturated, the method 100 performs a binary
increment of the active binary bits (as indicated by the vari-
able BinaryCode) of variable HBTCode (step 110). The
method 100 then determines whether the binary increment
resulted in an overflow of the active binary bits (step 111). If
not, the method 100 returns to wait for a next step instruction
(step 107). If, however, the binary increment did result in an
overflow of the active binary bits (as determined in step 111),
the method then performs a thermometer increment of the
active thermometer bits (as indicated by the variable Ther-
mometerCode) of variable HBTCode (step 112). The method
100 then determines whether the thermometer increment
resulted in saturation of the active thermometer bits (step
113). If not, the method 100 returns to wait for a next step
instruction (step 107). If, however, the thermometer incre-
ment did result in saturation of the active thermometer bits (as
determined in step 113), the method then determines whether
there are any existing available set pairs of binary bits and
thermometer bits in the collection of available set pairs (step
102). If there are existing available set pairs of binary bits and
thermometer bits in the collection of available set pairs, the
method selects the next set pair of binary bits and thermom-
eter bits (step 104), activates the binary bits in the HBTCode
corresponding to the binary bits in the selected set of binary
bits (step 105), activates the thermometer bits in the HBT-
Code corresponding to the thermometer bits in the selected
set of thermometer bits (step 106), and returns to wait for the
next step instruction (step 107).

If there are no more existing available set pairs of binary
bits and thermometer bits in the collection of available set
pairs, the variable HBTCode is incrementally saturated, and
the method 100 sets the variable IncrementallySaturated to
True, and returns to wait for the next step instruction (step
107).

Returning now to receipt of a step instruction (step 107), if
the step instruction indicates that the step is to be in the
“down” direction (as determined in step 108), the method 100
enters method part 1005, shown in FIG. 3C, where it deter-
mines whether the variable HBTCode is decrementally satu-
rated (i.e., whether all bits in the variable HBTCode have a
value 0of “0”) (step 114). If so, the hybrid binary/thermometer
code is already decremented to its limit, so the method 100
returns to wait for a next step instruction (step 107). If the
variable HBTCode is not decrementally saturated, the
method 100 performs a binary decrement of the active binary
bits (as indicated by the variable BinaryCode) of variable
HBTCode (step 115). The method 100 then determines
whether the binary decrement resulted in an underflow of the
active binary bits (step 116). If not, the method 100 returns to
wait for a next step instruction (step 107). If, however, the
binary decrement did result in an underflow of the active
binary bits (as determined in step 116), the method then
performs a thermometer decrement of the active thermometer
bits (as indicated by the variable ThermometerCode) of vari-
able HBTCode (step 117). The method 100 then determines
whether the thermometer decrement resulted in decremental
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saturation of the active thermometer bits (i.e., all active ther-
mometer bits are “0”) (step 118). If not, the method 100
returns to wait for a next step instruction (step 107). If, how-
ever, the thermometer increment did result in decremental
saturation of the active thermometer bits (as determined in
step 113), the method 100 then determines and deactivates the
most recently activated set of binary bits in the variable Bina-
ryCode, and adds the deactivated set of binary bits to the
collection of available set pairs (step 119). The method 100
then determines and deactivates the most recently activated
set of thermometer bits in the variable ThermometerCode,
and adds the deactivated set of thermometer bits to the col-
lection of available set pairs (step 120).

The method 100 then determines whether the variable
HBTCode is decrementally saturated (i.e., whether any
remaining sets of active binary bits and thermometer bits exist
in the variables BinaryCode and ThermometerCode) (step
121). If the variable HBTCode is not decrementally saturated,
the method 100 returns to wait for the next step instruction
(step 107). If, however, the variable HBTCode is decremen-
tally saturated, and the method 100 sets the variable Decre-
mentallySaturated to True (step 122), and returns to wait for
the next step instruction (step 107).

FIG. 4 is a schematic block diagram of an example control
circuit 200 that could be used to implement the method 100 of
FIGS. 3A-3C and/or control circuit 9 for programming the
impedance network 10 of FIGS. 1 and 2. As shown, the
control circuit 200 includes a non-saturating 2-bit binary
up/down counter 202, a saturating 2-bit thermometer
up/down counter 204, a non-saturating 1-bit binary up/down
counter 206, and a saturating 2-bit thermometer up/down
counter 208.

Binary up/down counters 202 and 206 perform a binary
increment or decrement on the binary value at their respective
outputs according to the directional state of input DIR when
the clock input, CLK, is strobed. The binary output values of
counters 202 and 206 respectively correspond to calibration
word bit sets W,.., and W;. When the count is set to the
highest output (i.e., all “1”’s) and the direction is set to incre-
ment, non-saturating binary up/down counters 202 and 206
operate to roll over from the highest output to the lowest
output (i.e., all “0”’s) upon a receipt of a next clock cycle
(assuming the counter is enabled); likewise, when the count is
set to the lowest output (i.e., all “0”s) and the direction is set
to decrement, non-saturating binary up/down counters 202
and 206 operate to roll over from the lowest output to the
highest output (i.e., all “1”’s) upon a receipt of a next clock
cycle (assuming the counter is enabled).

Thermometer up/down counters 204 and 208 perform a
thermometer increment or decrement on the thermometer
value at their respective outputs according to the directional
state of input DIR when the clock input, CLK, is strobed. The
thermometer output values of counters 204 and 208 respec-
tively correspond to calibration word bit sets W,..s and W ..
Saturating thermometer up/down counters 204 and 208 do
not roll over from the highest output to the lowest or visa-
versa.

Each counter 202, 204, 206, 208 is configured with a
respective enable input EN which, when asserted, allows the
respective counter to increment or decrement (depending on
the state of the direction input DIR ) once for each strobe of the
clock input signal CLK. In order to implement the hybrid
binary/thermometer code of TABLE 3, each of the higher-
order counters 204, 206, and 208 are only enabled during
certain times of the programming process. In the embodiment
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of FIG. 4, counter 202 is always enabled—therefore, assum-
ing a positive-true logic scheme, the enable input EN of the
counter 202 is tied to V5.

Counter 204 is enabled only when both binary bits W, and
W, are “1” and the direction signal DIR is set to increment
(i.e., is set to a logic high in a positive-true logic scheme), or
when all binary bits W,, W, and W ; and thermometer bits W,
and W, are each “0” and the direction signal DIR is set to
decrement (i.e., is set to a logic low in a positive-true logic
scheme). Accordingly, the control circuit 200 includes an
AND gate 230 (or equivalent logic) with inputs W, W, and
DIR, a NOR gate 232 (or equivalent logic) with inputs W,
W,, W, W, W, and DIR, and an OR gate 234 (or equivalent
logic) with the outputs of the AND gate 230 and NOR gate
234 as inputs. The output of the OR gate 234 is connected to
the enable input EN of the saturating thermometer code
up/down counter 204.

Counter 206 is enabled only when binary bits W, and W,
and thermometer bits W, and W are each “1 ” and the direc-
tion signal DIR is set to increment, or when binary bits W, and
W, and thermometer bits W and W, are each “0” and the
direction signal DIR is set to decrement. Accordingly, the
control circuit 200 includes an AND gate 240 (or equivalent
logic) with inputs W, W,, W,, W, and DIR, a NOR gate 242
(or equivalent logic) with inputs W, W,, W, W_, and DIR,
and an OR gate 244 (or equivalent logic) with the outputs of
the AND gate 240 and NOR gate 244 as inputs. The output of
the OR gate 244 is connected to the enable input EN of the
non-saturating binary code up/down counter 206.

Counter 208 is enabled only when binary bits W, W, and
W, and thermometer bits W, and Wy are each “1 ” and the
direction signal DIR is set to increment, or when binary bits
W,, W,, and W; are each “0” and the direction signal DIR is
set to decrement. Accordingly, the control circuit 200
includes an AND gate 250 (or equivalent logic) with inputs
W, W,, W5, W,, Wy, and DIR, a NOR gate 252 (or equiva-
lent logic) with inputs W, W,, and W3 and DIR, and an OR
gate 254 (or equivalent logic) with the outputs of the AND
gate 250 and NOR gate 254 as inputs. The output of the OR
gate 254 is connected to the enable input EN of the saturating
thermometer code up/down counter 208.

The direction input DIR is controlled by a comparator
circuit 210. Conductor 7 at the output of the impedance net-
work 10 is an input to the inverting terminal of analog com-
parator 212. The non-inverting input of analog comparator
212 is connected to a voltage divider formed with resistive
devices 214 and 216. Resistive devices 214 and 216 may be
on-chip resistors (or equivalents thereof) and are connected in
series between the positive supply and the negative supply
with the intermediate node connected to the non-inverting
input of analog comparator 212. In one embodiment, resistors
214 and 216 have the same value so that the voltage at the
non-inverting input of analog comparator 212 is VDD/2. The
output 222 of analog comparator 212 is connected to the DIR
input of each of counters 202, 204, 206, and 208, which
controls the direction that the counters count, if enabled.

When the inverting input of comparator 212 is lower than
the non-inverting input of analog comparator 212, counters
202, 204, 206, and 208, count up (when enabled) to turn on
more of the transistors of impedance network 10 to decrease
the impedance of impedance network 10. This feedback sys-
tem stabilizes when the impedance of impedance network 10
nearly matches the impedance of the load driven by the pad 8.
When the inverting input of comparator 212 is higher than the
non-inverting input of analog comparator 212, the output 222
corresponding to direction signal DIR is 0, which instructs the
counters 202, 204, 206, and 208 to count in the down direc-
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tion. This turns off more of the transistors of impedance
network 10, thereby increasing the impedance of impedance
network 10.

It will be appreciated that the method 100 of FIG. 3 and the
control circuit 200 of FIG. 4 allow continuous and/or periodic
adjustment to the output impedance of the output pad 8 of
output driver circuit 1 via continuous and/or periodic adjust-
ment of the calibration control word W, ...

The method 100 of FIGS. 3A-3C and the control circuit
200 ofFIG. 4 are provided herein merely as illustrative ot how
the calibration word W, .., that implements the hybrid binary/
thermometer code of TABLE 3 and controls the impedance
network 10 may be generated. However, it will be appreciated
that various methods and circuits may be designed to imple-
ment the hybrid binary/thermometer code of the invention
that is used to vary the output impedance of the driver circuits
so that the output resistance substantially matches the load
impedance over various ranges of the process, voltage, and
temperature. Consistent with the concepts and teachings of
the present invention, the control circuit 9 (FIGS. 1 and 2)
and/or method of generation of the hybrid binary/thermom-
eter code of the invention (FIGS. 3A-3C) may be imple-
mented in a variety of ways, and the illustrative embodiments
presented herein are for purposes of illustration only and not
limitation.

The foregoing description has been presented for purposes
of'illustration and description. It is not intended to be exhaus-
tive or to limit the invention to the precise forms disclosed.
Obvious modifications or variations are possible in light of
the above teachings. For example, it will be appreciated that
the number of impedance legs in the impedance network and
corresponding number of bits of the calibration word may be
increased or decreased according to the needs of the applica-
tion.

It will also be appreciated that the weighting of the imped-
ance legs, the number and allocation of impedance legs to
impedance leg sets, and corresponding calibration word bits
to various pairs of sets of binary bits and thermometer bits
may be varied to achieve the desired range and sensitivity of
the impedance network.

It will also be appreciated that the variable impedance
network may be connected to more than one output pad and
used to simultaneously and globally adjust the output imped-
ance of these more than one output pads. Further, although the
illustrative embodiment illustrates the use of a variable
impedance network in accordance with the invention for both
the pull-up and the pull-down portions of a driver circuit,
more precise impedance matching over various process, volt-
age, and temperature ranges may be achieved by implement-
ing separate impedance networks for each of the pull-up and
the pull-down portions of a driver circuit, and may or may not
implement separate and independent calibration words for
the separate impedance networks of the pull-up and the pull-
down portions of a driver circuit.

Although the invention has been described in terms of the
illustrative embodiments, it will be appreciated by those
skilled in the art that various changes and modifications may
be made to the illustrative embodiments without departing
from the spirit or scope of the invention. It is intended that the
scope of the invention not be limited in any way to the illus-
trative embodiment shown and described but that the inven-
tion be limited only by the claims appended hereto.

What is claimed is:

1. A method of operating a hybrid binary/thermometer
code, the method comprising:
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setting a least significant bit (LSB) of a combination of bits,
to a logic one state that remains unchanged for all com-
binations of the hybrid binary/thermometer code;

predefining a first set of bits located above the L.SB, the first
set of bits configured for setting a desired binary code;
and

predefining a second set of bits above the first set of bits, the

second set of bits configured for setting a desired ther-
mometer code, and wherein the combination of the LSB,
the first set of bits, and the second set of bits constitutes
the hybrid binary/thermometer code.

2. The method of claim 1, further comprising:

for each incrementing step of said hybrid binary/thermom-

eter code:

incrementing said first set of bits according to a binary

increment; and

if said second set of bits is not fully incremented, incre-

menting said second set of bits according to a thermom-
eter code increment upon overflow of said first set of
bits.

3. The method of claim 2, further comprising:

for each decrementing step of said hybrid binary/thermom-

eter code:

decrementing said first set of bits according to a binary

decrement; and

if said second set of bits is not fully decremented, decre-

menting said second set of bits according to a thermom-
eter code decrement upon underflow of said first set of
bits.

4. The method of claim 1, wherein the combination of bits
is a byte, with the LSB corresponding to bit position 0, the
first set of bits corresponding to bit positions 1 though 3, and
the second set of bits corresponding to bit positions 4 through
7.

5. The method of claim 4, further comprising:

predefining a first subset in the first set of bits, the first

subset configured for setting at least a portion of the
desired binary code; and

predefining a first corresponding subset in the second set of

bits, the first corresponding subset configured for setting
at least a portion of the desired thermometer code.

6. The method of claim 5, wherein at least one of the first
subset or the first corresponding subset comprises a pair of
bits.

7. The method of claim 4, further comprising:

predefining a plurality of subsets in the first set of bits;

predefining a plurality of corresponding subsets in the sec-
ond set of bits;

using a priority scheme for selecting amongst the plurality

of subsets, a first subset having the lowest order of binary
bits;
using the priority scheme for selecting amongst the plural-
ity of corresponding subsets, a first corresponding sub-
set having the lowest order of thermometer bits;

performing one of an incrementing or a decrementing
operation on the first subset; and

performing one of a corresponding incrementing or a cor-

responding decrementing operation on the first corre-
sponding subset.

8. A variable impedance network incorporating a hybrid
binary/thermometer code, the variable impedance network
comprising:

a first impedance element configured to provide a fixed

impedance between a pair of nodes;

a first plurality of impedance elements each having a

weighted impedance relative to the fixed impedance,
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and each configured for selective coupling, in parallel
with the first impedance element, between the pair of
nodes;

a second plurality of impedance elements each having a
weighted impedance relative to the fixed impedance,
and each configured for selective coupling, in parallel
with the first impedance element, between the pair of
nodes; and

a control circuit configured to use the hybrid binary/ther-
mometer code wherein a binary code is used for selec-
tively coupling at least one of the first plurality of imped-
ance elements between the pair of nodes, and a
thermometer code is used for selectively coupling at
least one of the second plurality of impedance elements
between the pair of nodes.

9. The variable impedance network of claim 8, wherein the
first plurality of impedance elements comprises three imped-
ance elements, and the second plurality of impedance ele-
ments comprises four impedance elements.

10. The variable impedance network of claim 9, wherein
the control circuit implements the binary code using a first set
of bits corresponding to bit positions 1 though 3 of a control
byte, and implements the thermometer code using a second
set of bits corresponding to bit positions 4 though 7 of the
control byte.

11. The variable impedance network of claim 8, wherein
each of the first and the second plurality of impedance ele-
ments comprises a field effect transistor (FET).

12. The variable impedance network of claim 11, wherein
the first impedance element comprises a FET.

13. The variable impedance network of claim 11, wherein
the first impedance element comprises a resistor.

14. The variable impedance network of claim 8, wherein
the control circuit comprises:

a non-saturating counter for carrying out one of an incre-
menting step or a decrementing step in accordance with
the binary code; and

a saturating counter for carrying out one of an increment-
ing step or a decrementing step in accordance with the
thermometer code.

15. The variable impedance network of claim 8, wherein

the pair of nodes comprises an output node of a driver circuit.

16. A variable impedance network incorporating a hybrid
binary/thermometer code, the variable impedance network
comprising:

a first impedance element configured to provide a fixed

admittance Y, between a pair of nodes;

afirst field effect transistor (FET) having an admittance Y,
equal to a first percentage of the fixed admittance Y, the
first FET configured for selective coupling between the
pair of nodes in parallel with the first impedance ele-
ment;
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a second FET having an admittance Y, equal to a second
percentage of the fixed admittance Y, the second FET
configured for selective coupling between the pair of
nodes in parallel with the first impedance element;

a third FET having an admittance Y equal to a third per-
centage of the fixed admittance Y, the third FET con-
figured for selective coupling between the pair of nodes
in parallel with the first impedance element;

a fourth FET having an admittance Y, equal to a fourth
percentage of the fixed admittance Y, the fourth FET
configured for selective coupling between the pair of
nodes in parallel with the first impedance element;

a fifth FET having an admittance Y equal to a fifth per-
centage of the fixed admittance Y, the fifth FET con-
figured for selective coupling between the pair of nodes
in parallel with the first impedance element;

a sixth FET having an admittance Y equal to a sixth per-
centage of the fixed admittance Y, the sixth FET con-
figured for selective coupling between the pair of nodes
in parallel with the first impedance element;

a seventh FET having an admittance Y, equal to a seventh
percentage of the fixed admittance Y, the seventh FET
configured for selective coupling between the pair of
nodes in parallel with the first impedance element; and

a control circuit configured to use the hybrid binary/ther-
mometer code wherein a binary code is used for selec-
tively coupling at least one of the first, second and third
FETs between the pair of nodes, and a thermometer code
is used for selectively coupling at least one of the fourth,
fifth, sixth, and seventh FETSs between the pair of nodes.

17. The variable impedance network of claim 16, wherein
the first impedance element comprises an eighth FET config-
ured to remain in a constant on state during implementation of
the hybrid binary/thermometer code.

18. The variable impedance network of claim 16, wherein
at least two of the first, second or third percentages are equal
to one another.

19. The variable impedance network of claim 16, wherein
at least one of the first, second or third percentages is equal to
at least one of the fourth, fifth, sixth, or seventh percentages.

20. The variable impedance network of claim 16, wherein
the control circuit comprises:

a non-saturating counter for carrying out one of an incre-
menting step or a decrementing step in accordance with
the binary code; and

a saturating counter for carrying out one of an increment-
ing step or a decrementing step in accordance with the
thermometer code.



